As a new fabrication method of porous aluminum with the advantages of high productivity and low manufacturing cost, the authors proposed a fabrication method called the ''FSP route precursor method''. FSP (friction stir processing) is a solid-state process involving the generation of friction heat and intense plastic flow simply by inserting a rotating tool and allowing it to traverse through the aluminum alloy matrix. In this method, the precursor is manufactured by mixing a blowing agent powder and a stabilization agent powder into the aluminum alloy matrix using the intense stirring action of FSP. Then, porous aluminum can be obtained by foaming the precursor under suitable conditions. In this study, aluminum alloy 6061 (A6061) plates are used as a starting material and porous aluminum is fabricated by applying the procedure of multipass FSP. The effects of the tool rotating rate and the number of passes on the porosity and pore structure of A6061 porous aluminum are investigated. To obtain porous aluminum with high porosity and high quality (i.e., a uniform pore size distribution and highly spherical pores), the tool rotating rate should be approximately from 1000 to 2200 rpm when the rotating tool traverses the matrix four times and the foaming conditions (holding temperature and holding time when the blowing agent is foamed) are optimized. The porous aluminum obtained has a porosity of 70%, and the average equivalent diameter of pores is approximately from 1.5 to 2 mm.
Introduction
Porous aluminum has the advantages of a light weight and high energy absorption. 1) By applying porous aluminum to automobile components, both increased collision safety and improved fuel efficiency are expected to be realized. Recently, a lot of studies on technologies for fabricating porous aluminum have been carried out. However, the application of porous aluminum remains limited. 1, 2) To promote the wide application of porous aluminum in various industrial fields, it is necessary to establish a low-cost fabrication method with high productivity.
Recently, as a new fabrication method of porous aluminum, the authors proposed a method called the ''FSP route precursor method''. 3, 4) FSP (friction stir processing) 5, 6 ) is a solid-state process generating friction heat and intense plastic flow by inserting a rotating tool with a probe and a shoulder and allowing it to traverse through the aluminum alloy matrix. This FSP route precursor method is one of several reported precursor methods [7] [8] [9] [10] [11] [12] for manufacturing porous aluminum. First, the precursor is fabricated by mixing a blowing agent powder and a stabilization agent powder into an aluminum matrix using the intense stirring action of FSP. Next, porous aluminum is fabricated by foaming the precursor under suitable heating conditions. This method can realize high productivity and a low manufacturing cost, because of the simplicity of FSP and its use of inexpensive aluminum alloy plates. Also, various kinds of aluminum alloy and metal can be used as the starting material in this method.
In this study, we use aluminum alloy 6061 (A6061) as the starting material and fabricate porous aluminum by the FSP route precursor method. A6061 is a heat-treatment-type alloy and generally has higher strength than pure aluminum. By fabricating A6061 porous aluminum, the improvement of plateau stress and energy absorption 13) is expected. However, the plastic fluidity of A6061 is lower than that of pure aluminum; thus, it is considered that limited conditions (tool rotation rate and tool traversing speed) will be required to carry out FSP. A6061 porous aluminum is fabricated while varying the tool rotating rate and the number of passes under a constant tool traversing speed, and the effects of the tool rotating rate and the number of passes on the porosity and pore structure are investigated. The state of the dispersal of the blowing agent powder and stabilization agent powder into the A6061 matrix is observed on the cross section of the stirred FSP region perpendicular to the traversing direction of the tool. The state of the pore structure is observed on the cross section of the porous aluminum. Moreover, as the quantitative parameters used to investigate pore structure and porosity, the equivalent diameter and circularity of the pores are evaluated. On the basis of the results, we determined the optimum range of tool rotating rate and the number of passes for fabricating porous aluminum with high porosity and high quality (i.e., a uniform pore size distribution and highly spherical pores).
Fabrication of Porous Aluminum by FSP

Material and FSP procedure
The material used in the experiments was extruded aluminum alloy 6061 (A6061), whose chemical composition is shown in Table 1 . A6061 plates of 3.5 mm thickness, 98 mm width and 230 mm length were used. Figure 1 shows a schematic illustration of the FSP route used in the experiments. Two aluminum plates were stacked with blowing agent powder and stabilization agent powder distributed between them. FSP was carried out using an SHH204-720 FSW machine manufactured by Hitachi Setsubi Engineering Co., Ltd. The tool used for FSP has a columnar shape with a screw probe. The tool material is SKH51 high-speed tool steel. The diameter of the tool shoulder is 17 mm, the diameter of the probe part is 6 mm and its length is 5 mm.
The traversing speed of the tool was fixed at 100 mm/min throughout the experiments. The tool rotating rate was varied from 1000 to 2200 rpm in steps of 400 rpm. A tilt angle (cf. diagram on left of Fig. 1(b) ) of 3 was used. Titanium(II) hydride (TiH 2 , <45 mm) powder and alumina (-Al 2 O 3 , $1 mm) powder were used as the blowing agent and stabilization agent, respectively. The stabilization agent increases the viscosity of aluminum. 14, 15) Thus, the release of gases from porous aluminum is prevented during the foaming process and the pore structure is stabilized. The powders were placed along the path of the FSP tool, as shown in Fig. 1(a) , over an area of 15 mm width and 150 mm length. The amounts of powders used were 1 mass% for TiH 2 and 10 mass% for Al 2 O 3 , relative to the mass of the aluminum with dimensions of 150 mm Â 15 mm Â 5 mm (i.e., the area over which the powders were distributed and the length of the tool probe).
Multipass FSP 16, 17) was applied to obtain a large volume of precursor by traversing different regions and to thoroughly mix the powders. The procedure of multipass FSP in the experiments is as follows. [2nd FSP] The FSP tool is shifted by approximately the diameter of the tool probe in the direction perpendicular to the FSP direction. FSP is carried out to the left (retreating side) of the 1st FSP, i.e., at the center of the region where the powders were placed ( Fig. 1(d) ).
[3rd FSP] The FSP tool is shifted once more by approximately the diameter of the tool probe in the direction perpendicular to the FSP direction. FSP is carried out to the left of the 2nd FSP, i.e., to the left of the region where the powders were placed ( Fig. 1(e) ).
[4th FSP to 6th FSP] The traversing direction of the FSP tool is reversed. FSP is carried out in the regions immediately above the 3rd, 2nd and 1st FSP, respectively (Figs. 1(f)-(h)).
[7th FSP to 12th FSP] The 1st FSP to the 6th FSP are repeated identically. We call the process from the 1st FSP to the 3rd FSP ''1-pass FSP'', that from the 1st FSP to the 6th FSP ''2-pass FSP'' and that from the 1st FSP to the 12th FSP ''4-pass FSP'' hereinafter. The FSP region was stirred once in 1-pass FSP, twice in 2-pass FSP and four times in 4-pass FSP. From the stirred FSP region obtained by 1-pass, 2-pass and 4-pass FSP, precursors of 6 mm thickness, 15 mm width and 15 mm length were fabricated.
Observation of mixture of TiH 2 and Al 2 O 3
A metallurgical inspection was carried out on a cross section of the stirred FSP region. The aluminum plates containing mixed TiH 2 and Al 2 O 3 were cut in the direction perpendicular to the FSP direction immediately after FSP. These samples were mounted in resin and the surfaces were polished. Stereoscopic microscopy images were taken using a CCD camera.
Foaming procedure
These precursor samples containing mixed TiH 2 and Al 2 O 3 were heat-treated in a preheated electric furnace to induce foaming. The holding temperature (equal to the preheated temperature) was varied from 988 to 1018 K in steps of 15 K and was constant during the heating process. The holding time was varied from 11 to 13 min in steps of 1 min. After the heating process, the sample was cooled to room temperature. Two samples were foamed under each set of foaming conditions (holding temperature and holding time).
Evaluation of foaming properties
The porosity p (%) of the foamed precursor (porous aluminum), including the skin, was calculated by the following equation:
where i is the density of the precursor before heating and f is the density of the porous aluminum. The densities were evaluated by Archimedes' principle. Then, the porous aluminum was cut and the pore structure was observed on the cross section. The porous aluminum samples were scanned by an SMX-225CT micro focus X-ray CT system manufactured by Shimadzu Corporation. The X-ray source was tungsten in this system. The X-ray tube voltage and current used in the inspection were 80 kV and 30 mA, respectively. The resolution of the X-ray CT image was 512 Â 512 pixels and the length of one pixel was 67 mm. From the two-dimensional cross-sectional CT images, the equivalent diameter d and circularity e 18) defined by eqs. (2) and (3), respectively, were evaluated using the bdkids PopImaging image-processing software.
Here A is the area of each pore and l is the circumference of each pore on the cross-sectional CT image. In the evaluations, pores with area less than 1 mm 2 were excluded because of the resolution of the X-ray CT image. A value of e close to 1.0 indicates that the pore is highly circular. Moreover, the average equivalent diameter d m and average circularity e m were calculated from the average values of d and e for all pores on each cross-sectional CT image, respectively. Figure 2 shows the result of 1-pass FSP at 1400 rpm. In 1-pass FSP, at each tool rotating rate, comparatively large cavities were observed in the interface between the two aluminum plates. The welding between the plates was insufficient and Al 2 O 3 exists only around the interface. At a tool rotating rate of 1800 or 2200 rpm, no welding of the two aluminum plates occurs. Figures 3(a) and (b) show the results of 2-pass FSP at 1400 and 2200 rpm, respectively. At a tool rotating rate from 1000 to 1800 rpm, although some comparatively small cavities were observed, the two aluminum plates were welded. As shown in Fig. 3(b) , the state of the cavities and the state of dispersal of Al 2 O 3 around the interface between the two aluminum plates after 2-pass FSP at 2200 rpm were similar to those after 1-pass FSP (Fig. 2) . Also, after 2-pass FSP, Al 2 O 3 is not distributed throughout the FSP region and the amount of stirring is insufficient. Figure 4 shows the result of 4-pass FSP at 1400 rpm. After 4-pass FSP, the welding of the two aluminum plates was sufficient and the dispersal of Al 2 O 3 became almost uniform in the FSP region at each rotation rate. It was found that, by carrying out 4-pass FSP, a sufficient amount of stirring occurred and the mixing of Al 2 O 3 was sufficient. From these results, TiH 2 was also similarly considered to have been fully mixed in the FSP region. Regarding the formation of cavities, although no cavities were observed at a tool rotating rate from 1000 to 1800 rpm, small cavities were occasionally observed at 2200 rpm. Figure 5 shows the relationship between porosity and holding temperature for each holding time in the case of 4-pass FSP at 1000 rpm. From this figure, it was found that the porosity is greatest when the holding time is 11 min. No obvious difference between the pore structures for different holding temperatures and holding times can be observed. As the optimum foaming conditions, we used a holding temperature and holding time of 1003 K and 11 min, respectively. The liquidus temperature of A6061 is approximately 925 K. This temperature is higher than the holding temperature (the preheated temperature of the electric furnace). Figure 6 shows the relationship between tool rotating rate and porosity p for 1-pass, 2-pass and 4-pass FSP. The upper number by the side of each mark plotted in this figure is the 5 mm Fig. 2 Cross section of the FSP region perpendicular to the FSP direction after 1-pass FSP at a tool rotation rate of 1400 rpm. Figure 7 shows the pore structure obtained after 1-pass FSP at 1400 rpm along with the values of p, d m and e m . As shown in this figure, a few pores and cracklike cavities were observed. Therefore, the value of d m at each tool rotating rate was small (approximately 1 mm). In 1-pass FSP, as shown in Fig. 2 , TiH 2 and Al 2 O 3 are localized only around the interface between the two plates. Although large pores are generated by the decomposition of TiH 2 , which was not uniformly dispersed, the gases in the pores are released from the precursor through the upper and lower regions of the interface where the viscosity is not increased without the dispersal of Al 2 O 3 . Therefore, only a few pores remain. The cracklike cavities are formed from cavities in the interface between the two plates during the heat treatment process. In 2-pass FSP, the porosity is approximately 60% at 1000 rpm, decreases slightly with increasing tool rotating rate up to 1800 rpm and decreases sharply to 20% at 2200 rpm. Figures 8(a) and (b) show the pore structures obtained after 2-pass FSP at 1400 and 2200 rpm, respectively. At a tool rotating rate from 1000 to 1800 rpm, the pores were spread throughout almost the entire region of porous aluminum, but the sphericity of pores is low owing to the insufficient dispersal of Al 2 O 3 and TiH 2 . As shown in Fig. 3(a) , although the dispersal of TiH 2 and Al 2 O 3 is still insufficient, the range of dispersal is wider than that in 1-pass FSP. It becomes more difficult to release the gases in the comparatively large pores generated by the decomposition of TiH 2 from the precursor owing to the increase of viscosity caused by the dispersal of Al 2 O 3 . However, the pores cannot expand to form a spherical shape owing to the localization of areas of higher viscosity due to the insufficient dispersal of Al 2 O 3 ; thus, the sphericity of the pores is low. The pore structure at 2200 rpm (Fig. 8(b) ) is similar to that after 1-pass FSP (Fig. 7) . This tendency can be understood from the fact that the state of dispersal of Al 2 O 3 and TiH 2 is similar for both cases, as mentioned in the previous paragraph. The value of d m is large (approx- imately 2 mm) when the tool rotating rate is low and decreases with increasing tool rotating rate to a very small value (approximately 0.4 mm) at 2200 rpm. In 4-pass FSP, a high porosity of approximately 70% was obtained at each tool rotating rate. Figures 9(a) and (b) show the pore structures obtained after 4-pass FSP at 1000 and 2200 rpm, respectively. From these figures, it was found that pores with high sphericity were dispersed throughout almost the entire region of porous aluminum at each tool rotating rate. As shown in Fig. 4 , after 4-pass FSP the dispersal of TiH 2 and Al 2 O 3 is sufficient. The viscosity increases uniformly throughout the aluminum matrix, the generated pores are stabilized in the precursor and the pores can form a spherical shape. Therefore, high porosity and pores with high sphericity can be obtained Here, comparing the pore structures in Fig. 9 for 4-pass FSP with those for 1-pass and 2-pass FSP (Figs. 7 and 8) , we can conclude that the sphericity of pores after 4-pass FSP is highest, that after 2-pass FSP at a tool rotating rate from 1000 to 1800 rpm is lower and that after 2-pass FSP at 2200 rpm or 1-pass FSP is lowest. However, the average circularity e m for 4-pass and 2-pass FSP is from 0.8 to 0.9 and that for 1-pass FSP is approximately 1.0. Thus, it is difficult to determine the level of sphericity of pore structures from the values of e m . This is the reason why, although the determination of pore sphericity by observation is almost entirely based on the shapes and distribution of comparatively large pores, the values of e m are evaluated taking into account the small pores, whose sphericity is low.
Foaming conditions
Porosity and pore structures
mm
From the above results, to obtain A6061 porous aluminum with high porosity and high quality by the FSP route precursor method, 4-path FSP should be carried out. As shown by the shaded region in Fig. 6 , the range of acceptable tool rotation rates is approximately from 1000 to 2200 rpm when forming is performed with a holding temperature and holding time of 1003 K and 11 min, respectively. Here, in A1050, which has higher plastic fluidity than A6061, porous aluminum with a high porosity of approximately 70% and high quality was obtained at a tool rotating rate from 2200 to 3000 rpm in 2-pass FSP and from 1400 to 3000 rpm in 4-pass FSP. 19) Thus, in the case of A1050, the ranges of the number of passes and tool rotating rate that give high porosity and high quality are wide and, in particular, the number of passes can be decreased owing to its higher plastic fluidity. In ADC12, which has lower plastic fluidity than A6061, porous aluminum with a similar high porosity and high quality was obtained at a tool rotating rate from 800 to 1000 rpm in 4-pass FSP. 20) At a tool rotating rate exceeding 1400 rpm, the welding between the two plates was insufficient even after 4-pass FSP. In the case of ADC12, the ranges of the number of passes and tool rotating rate that give high porosity and high quality are more limited than those of A6061. Moreover, we demonstrated that it is not necessary to carry out more than a certain number of passes for mixing TiH 2 and Al 2 O 3 to obtain porous aluminum with high porosity and a uniform pore distribution. 19) In the case of A6061, we consider that mixing by the 4-pass FSP of TiH 2 and Al 2 O 3 is sufficient and, even if more than 4 passes are carried out, no significant increase in the porosity and the uniformity of the pore distribution can be expected.
The porosity of high-porosity A6061 aluminum is approximately 70%, the value of d m is approximately from 1.5 to 2 mm and the value of e m is approximately 0.8. Although we consider that further studies are necessary to obtain a parameter that can be used to evaluate the level of sphericity of pores consistently with that obtained by observation, it is expected that the quality of pore structures can be judged quantitatively from the average equivalent diameter.
Conclusions
Porous aluminum was fabricated using aluminum alloy 6061 (A6061) as a starting material by the FSP route precursor method. In this study, the effect of tool rotating rate on the porosity and pore structure was investigated. The experimental results led to the following conclusions.
(1) Porous aluminum with a porosity of approximately 70% was successfully fabricated using A6061 by the FSP route precursor method with 4-pass FSP. (2) To fabricate A6061 porous aluminum with high porosity and high quality, the tool rotation rate should be approximately from 1000 to 2200 rpm in 4-pass FSP. The average equivalent diameter of the pores was approximately from 1.5 to 2 mm and the average circularity was approximately 0.8. (3) The large average equivalent diameter closely corresponds to the high sphericity of pores evaluated by observation. It is expected that the quality of pore structures can be judged quantitatively from the average equivalent diameter. 
